The Thoroughbred horse has played an important role in both sporting and economic aspects of society since the establishment of the breed in the 1700s. The extensive pedigree and phenotypic information available for the Thoroughbred horse population provides a unique opportunity to examine the effects of 300 years of selective breeding on genetic load. By analysing the relationship between inbreeding and racing performance of 135,572 individuals, we found that selective breeding has not efficiently alleviated the Australian Thoroughbred population of its genetic load. However, we found evidence for purging in the population that might have improved racing performance over time. Over 80% of inbreeding in the contemporary population is accounted for by a small number of ancestors from the foundation of the breed. Inbreeding to these ancestors has variable effects on fitness, demonstrating that an understanding of the distribution of genetic load is important in improving the phenotypic value of a population in the future. Our findings hold value not only for Thoroughbred and other domestic breeds, but also for small and endangered populations where such comprehensive information is not available. Published: xx xx xxxx OPEN www.nature.com/scientificreports/ 2 Scientific RepoRts | (2018) 8:6167 | fixed by genetic drift 11, 20 . Additionally, inbreeding for favourable phenotypic characteristics can have unexpected negative implications through deleterious alleles hitchhiking on regions of the genome under positive selection, thereby increasing their frequency in the population [21] [22] [23] .
The Thoroughbred horse population is one of the largest closed populations of animals in the world. Thoroughbreds are extremely valuable because of the large amount of prizemoney on offer and the high residual value of superior athletes. All Thoroughbred horses trace their ancestry back to three paternal lines, due to the narrow bottleneck at the foundation of the population [1] [2] [3] . More than 300 years of breeding practices have produced signatures of selection in the 21 st century Thoroughbred population, contributing to the superior athleticism of the breed 4, 5 . At the same time, these practices have increased levels of inbreeding and reduced the genetic diversity of Thoroughbreds compared with other domestic horse breeds 3, 6, 7 .
To our knowledge, there has been no detailed examination of the effects of inbreeding on the racing performance of Thoroughbred horses and the genetic load of the population. Genetic load, the presence of unfavourable genetic material, is a reflection of a population's fitness because a higher genetic load leads to a lower mean fitness level 8 . A large proportion of genetic load consists of recessive deleterious mutations, known as mutational load. Inbreeding can expose mutational load because it increases an individual's chance of inheriting two copies of recessive deleterious alleles from a common ancestor 8, 9 . The subsequent decrease in fitness caused by these expressed recessive deleterious mutations is thought to be a major cause of inbreeding depression 10 . Other mechanisms believed to contribute to inbreeding depression include epistatic interactions and reductions in favourable heterozygosity 10, 11 .
The inevitable effect of selection in a closed population is an increase in the level of inbreeding 12, 13 . There is some evidence that continued inbreeding for selection can purge a population of some or all of its genetic load, such that new inbreeding events have negligible or even positive effects on phenotype 9 . Although some domestic and wild populations show signs of purging [14] [15] [16] , others still show strong signs of inbreeding depression even after multiple population bottlenecks and inbreeding events [17] [18] [19] . Purging is most likely to occur in populations under strong selection and slow rates of inbreeding, allowing deleterious alleles to be effectively eliminated rather than
Results and Discussion
The effects of inbreeding and purging on racing performance. Our analysis of data from 135,572
Thoroughbred horses revealed a strong negative relationship (all P < 0.001, Fig. 1 ) between Wright's inbreeding coefficient, F, and five measures of racing performance that encompass a range of factors that contribute to exercise performance 28, 29 . These included two measures that are based on the assumption that more successful individuals earn more prizemoney: cumulative prizemoney earnings and prizemoney earnings per start. We also included two measures of constitutional soundness: total number of race starts and career length. Finally, we accounted for consistency of performance with the measure winning strike rate.
The negative relationship between F and performance can be explained by a genetic load of partially deleterious alleles still being carried by the population. We expect that the alleles causing the observed inbreeding depression are more difficult to select out of the population than those with lethal or debilitating effects on juvenile or embryonic survival 10, 21, [30] [31] [32] . Population bottlenecks that occurred during the ancestry of the Thoroughbred, including the domestication of the horse 33 , and the foundation of the breed 2,3 , might have increased the frequency of deleterious alleles through genetic drift. It is also possible that continued inbreeding of the Thoroughbred population over the past 300 years has inadvertently increased the frequency of deleterious variants in the population, potentially through hitchhiking on selective sweep regions 13, 21, 23 . As a result of many generations of inbreeding, the average F of the 21 st century Thoroughbred population is 0.139 (s = 0.011).
In contrast with the results from Wright's inbreeding coefficient, the ancestral history coefficient, A HC , showed a strong positive association with racing performance (all P < 0.001, Fig. 1 ). This statistic, described by Baumung, et al. 34 , counts the number of times that an allele has been IBD in an individual's pedigree, thus providing a comprehensive reflection of selection for favourable traits over time. The A HC statistic is based on the assumption that an allele that has been IBD multiple times in an individual's pedigree is likely to have a neutral or positive effect Regression coefficients and standard errors were divided by the standard error of their respective traits. The relationship between each measure of inbreeding and racing performance was highly significant (P < 0.001).
Scientific RepoRts | (2018) 8:6167 | DOI:10.1038/s41598-018-24663-x on fitness. In contrast, an allele that is IBD for the first time is more likely to have a negative effect on fitness. Therefore, individuals with higher A HC are more likely to contain larger proportions of alleles in their genomes that have been positively selected over many generations. It is possible for an individual with a comprehensive pedigree to have an A HC greater than 1. As a consequence of the comprehensive and inbred pedigree, the reference population had average A HC of 1.973 (s = 0.089).
The positive relationship between A HC and all measures of racing performance is possibly due to the many generations of selective breeding that have increased the frequency of alleles associated with positive improvements with exercise physiology. These alleles will appear IBD more times in the pedigrees of each subsequent generation, thus driving up A HC (Appendix S2). Our results indicate that inbreeding for selection has effectively increased the frequencies of favourable alleles, but has not completely eliminated genetic load from the population. Considering this finding, it is unsurprising that parts of the Thoroughbred genome show signatures of selective sweeps linked to genes related to athletic performance, including formation of muscular fibres, upregulation of mitochondrial activity, angiogenesis, brown adipose tissue formation, and lipid metabolism 5, 35 . In agreement with our results, there is some evidence for selection improving racing performance in another horse breed, the Norwegian cold-blooded trotter 32 .
Both F and A HC showed the strongest associations with cumulative earnings and earnings per start ( Fig. 1 ). We expect that this is because these measures reflect not only talent, but also good constitution because horses that race more are more likely to win more prizemoney. The smallest regression coefficient was for winning strike rate, probably because this measure is a crude estimate of consistency and does not reflect the race class, or the finishing order of a horse on non-winning occasions.
The estimated breeding values of the population over time. We found that selective breeding practices have not increased the overall performance levels of the population over time. We implemented a numerator relationship matrix in conjunction with a linear mixed model to account for additive genetic relationships between animals in the pedigree (Materials and Methods). Based on the racing performance of contemporary individuals (n = 135,572), we used this relationship matrix to calculate the estimated breeding values (EBVs) of all individuals in their pedigree (n = 257,249) 36, 37 . The large increase in EBVs at the foundation of the population indicates that early selection events resulted in an initial jump in the frequency of favourable alleles (Fig. 2 ). After this initial increase, the distribution of EBVs remains constant; demonstrating that selective breeding from the early 19 th century was not effective in improving the racing performance of the population. The level of F has increased constantly during this time ( Fig. S9 ), so we conclude that inbreeding has not effectively removed mutational load from the population. This explains why we observe strong inbreeding depression persisting in the contemporary population. We expect that this is due in part to a change in racing and training regimes over time that, in turn, has changed selection pressures on the population 38 . In the 18 th and early 19 th century, Thoroughbred races were held over a distance of several miles, with each horse participating in multiple heats on the same day. In the 20 th century, focus shifted to breeding sprinters and early developers for two-year-old racing 39 . Similarly, there was very little increase over time in the EBVs of Polish Warmblood horses despite selection for performance, indicating that intensive selection might be necessary to improve the mean value of complex quantitative traits in a population 40 .
The dip in EBVs between 1930 and 1980 can also be partly attributed to an increased number of individuals with unknown pedigree information, as shown in red on Fig. 2 . This, together with the increased variability of EBVs during this period, could also be due to the presence of less successful pedigree lines that have not been purged from the modern population. We expect that the increase in the average EBV from 1980 onwards is partly due to the introduction of parental testing in the 1980s, leading to complete pedigrees for all registered individuals. The increasing trend in EBVs over recent generations indicates a possibility for future improvement in the population's overall phenotypic quality.
The uneven ancestral genetic contribution in the contemporary Thoroughbred population. Selective breeding practices are likely to result in uneven ancestral genetic contributions, favouring ancestors carrying beneficial alleles and leading to the extinction of less successful ancestral lines 25, 41, 42 . We found that a small number of ancestors in the early years of the breed formation accounted for much of the inbreeding coefficient in the modern Australian Thoroughbred population.
We found that 10 ancestors accounted for, on average, over 80% of the IBD alleles in the modern Australian Thoroughbreds (Table 1 ). Almost 20% of the IBD alleles in the contemporary population were attributed to a single individual, Herod. We selected these 10 ancestors because they provided the greatest marginal contributions to the individuals in our racing performance data (Appendix S4). The greatest marginal contributors are selected by first identifying the single ancestor with the greatest contribution to the population, and then subsequently finding the other ancestors that provide the greatest genetic contributions not accounted for by previously selected ancestors 43 (Appendix S4). We then estimated the proportion of F (pF i ) and A HC (pA HCi ) for each individual in our data set that is attributed to each of these ancestors 34, 44 .
We identified these individuals as superior athletes that were also highly successful at stud. Historical records show that most of these individuals are closely related to each other ( Fig. S8 ). One of them, Godolphin Barb, was one of the three foundation stallions of the breed in the early 18 th century 1 . He has been reported to contribute to 13.8% of the genetic makeup of British Thoroughbred horses 3 . Another of the foundation stallions, Eclipse, was identified as the source of a Y chromosome mutation that is near fixation in the modern Thoroughbred population 45 .
The 10 notable ancestors accounted for over 82% of the A HC coefficient in their modern descendants (Table 1) . We expected this relationship because these individuals appear many generations back in the pedigree of modern horses. For alleles inherited from them to have such a large contribution to F, they must appear IBD many times in the pedigrees of their descendants. In concordance with the principle of the A HC coefficient, alleles that are found IBD multiple times in the pedigree are likely to have neutral or beneficial effects on fitness. These findings are reflected in the positive trends in F and A HC over time in the population (Fig. S9 ).
Uneven distribution of genetic load between different ancestors. We found evidence that founder-specific inbreeding depression differentially affects racing performance in the Australian Thoroughbred population (Fig. 3) . We determined the distribution of genetic load between the 10 dominant ancestors by using linear mixed models to examine the relationship between partial inbreeding coefficients and racing performance. Genetic load may be unevenly distributed between different ancestors, such that inbreeding to different individuals can have a variable effect on fitness [24] [25] [26] . If inbreeding to a particular ancestor results in a reduction in the racing performance of their descendants, a higher proportion of the genetic load in the population can be attributed to them. The variation in genetic load between different ancestors indicates that inbreeding depression in Thoroughbreds is due to a small number of loci that have large effects on performance 24, 25, 46 . We found that inbreeding resulting from four ancestors had significant effects on racing performance. Individuals with more IBD alleles attributed to Herod had greater cumulative earnings, earnings per start, and career length. This does not mean that increased inbreeding to Herod has had no negative effects on the phenotypic value of his descendants, but that overall they exhibit less inbreeding depression than other, equally inbred individuals 25 . Conversely, inbreeding to Eclipse, Stockwell, and Touchstone had negative effects on the racing performance of their descendants. We propose that these negative effects are partly due to the "cost of domestication" 23 , whereby inbreeding these individuals has inadvertently selected for deleterious alleles linked to sites that have undergone selective sweeps 21, 22 .
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Additionally, historical reports describe these stallions to be potential carriers of disease alleles, which may have predisposed their descendants to common conditions that reduce racing performance. Touchstone was reported by his contemporaries to have a number of conformational and behavioural issues 47 , which might also have contributed to the reduced level of performance in his descendants. Although Eclipse was a superior racehorse, his grandsire suffered from exercise-induced pulmonary haemorrhage (bleeding from the lungs) 48 . This hereditary condition reduces racing success 49, 50 , and recurrent episodes result in a horse's permanent ban from racing in Australia. Inheritance of this condition might be a contributing factor to the reduced career lengths of Eclipse's descendants. Individuals with higher levels of inbreeding to Stockwell show reduced winning strike rates, although this might be a statistical abnormality because P = 0.04. However, Stockwell's mother suffered from the congenital condition of laryngeal neuropathy (paralysis of the larynx) [51] [52] [53] , which may partly explain the observed reduction in performance.
We expect that most of these ancestors have passed on a mix of alleles with both positive and negative effects, such that inbreeding to them has the same effect as inbreeding to other individuals in the pedigree. However, it is also possible that two individuals inbred to the same ancestor could have inherited different sets of loci from different ancestral paths, making this ancestor's effect on fitness variable between different descendants 46 . An instance of this has been found in cattle, where the occurrence of ectodermal dysplasia in a number of calves from unaffected parents was traced back to a de novo mutation in one bull 54 . The condition was only revealed through inbreeding of his descendants, when some of their progeny inherited two copies of the disease allele. This example demonstrates that inbreeding to a particular individual can have highly variable effects on fitness levels between their different descendants.
Considering the strong evidence for an uneven distribution in genetic load, we conclude that the majority of inbreeding depression is only due to small proportion of IBD alleles 25, 42 . Consequently, we suggest that simply measuring the proportion of IBD alleles in the genome does not provide a comprehensive reflection of a population's genetic load. Understanding the heterogeneous distribution of genetic load is important in assisting breeding decisions to minimize inbreeding to ancestors that negatively affect fitness 42 .
Relationship between genome-based inbreeding coefficients and racing performance. In contrast with the pedigree-based estimates of inbreeding, we found that genomic measures of inbreeding showed no overall relationship with any measure of racing performance ( Table 2) . For a representative subset of the population (n = 122), we estimated genomic inbreeding levels as the proportion of the genome consisting of runs of homozygosity (F ROH ). This method reflects inbreeding levels by capturing long, homologous tracts of DNA inherited from a common ancestor that have not been broken by recombination [55] [56] [57] [58] [59] . For our analyses, we selected For this smaller data set, however, we also found that the F and A HC coefficients for these individuals also showed no relationship with performance ( Table 2 ). Considering that this relationship was significant for a larger sample size, we conclude that a sample size of 122 was not sufficient to capture the relationship between inbreeding and performance. Our models were unable to account for a number of confounding environmental factors that could affect racing performance (such as training regime, jockey success, and foal-rearing process), so a large sample size is needed to tease out the underlying relationship between inbreeding and performance. There is also a large continuum between the best-and worst-performing individuals in such a large population that might not be captured by a small subset of individuals. Our findings indicate that caution should be exercised in studies of smaller populations.
Molecular estimates of inbreeding are often considered to be superior to genealogical measures because they account for the unpredictable nature of recombination and inaccurate pedigree-recording information. However, the parameters of F ROH measurements should also be chosen carefully, so that they accurately reflect inbreeding levels. The accuracy of these estimations might be affected by inadequate SNP density 56, 60 and long tracts of ROH persisting in areas of low recombination 61, 62 (Appendix S2). Many studies use different parameters for genotyping densities, data trimming, and ROH, making comparisons between them difficult to draw.
We found that the correlation between F ROH and F in our data set ( Fig. S3 ) was lower than that reported in other domestic species 63, 64 , which may partly explain the contrasting results. We found that a large proportion of the inbreeding coefficient in the Australian Thoroughbred population was accounted for by ancestors many generations back in the pedigree. Inbreeding to distant ancestors results in shorter ROH regions that might not be captured by the SNP density used in our analysis (Appendix S2).
For these reasons, we believe that for large populations with comprehensive pedigrees, genealogical measures of inbreeding can provide important inferences if the size of the pedigree is much larger than the number of individuals genotyped. The use of pedigree data allows inferences to be made for deceased individuals, for which genotyping might not be possible. Additionally, using a pedigree to analyse trends over time can be advantageous because it might not be possible to obtain molecular data for deceased individuals (such as the founders of the population). Pedigrees also provide the opportunity to estimate the effects of specific individuals over time on the fitness of their descendants.
Conclusions
In this study, we have presented the effects of inbreeding and selection in a very large population with extensive phenotypic and pedigree records. Our analyses have shown that genetic load can still persist in a population even after many generations of inbreeding. However, we have also found evidence that multiple generations of inbreeding for selection can have positive effects on the overall genetic value of a population. We suggest that using EBVs whilst managing inbreeding levels will increase the efficiency of selection to reduce inbreeding depression in subsequent generations. Further, our findings highlight the need for caution in studies with small sample sizes because they can lead to inaccurate inferences about the effects of inbreeding.
We have also found evidence that the genetic load is unevenly distributed in the Thoroughbred population. This indicates that studies of inbreeding need to account for heterogeneity between different ancestors, because the total proportion of IBD alleles might not accurately reflect genetic load. Understanding the distribution of genetic load in the population will assist in breeding decisions to reduce disease alleles and improve the overall fitness of the population in future generations. Our findings open the possibility of evaluating the effects of particular individuals on the fitness of the population in order to improve phenotypic quality and reduce genetic load in the future.
Materials and Methods
Calculating pedigree-based inbreeding coefficients. Racing Australia provided race records for all individuals that had participated in a race start in Australia between 2000 and 2010 (n = 135,572). A genealogy of all horses born after 1970, dating back to the founders of the population, was provided by the Australian Stud Table 2 . Regression coefficients of linear mixed estimating the association between five measures of racing performance and pedigree-based and genomic coefficients (n = 122). Sex and year of birth were added as fixed effects and a numerator relationship matrix as a random effect in each model. Cumulative earning, earnings per start, and career length were log transformed for a normal distribution and analysed with a linear mixed model. Total starts was analysed using a Poisson generalized linear mixed model and winning strike rate using a binomial generalized linear mixed model. Inbreeding was measured using the pedigree measures of: Wright's inbreeding coefficient (F) and the ancestral history coefficient (A HC ). Genealogical inbreeding was measured as the proportion of runs of homozygosity (ROH) in the genome with the minimal lengths of 5MB (F ROH_5 ) and 12MB (F ROH_12 ). Standard errors are shown in parentheses. *P < 0.05; **P < 0.001.
Book (n = 500,477) (Appendix S1). We trimmed the pedigree file so that it only included the ancestors of the individuals in our data set, leaving a pedigree size of 257,249. We found that all individuals included in our analysis had a comprehensively recorded pedigree (an average of 24.60 discrete generational equivalents of known pedigree 65, 66 ). Before 1980, however, a small number of individuals appear in the stud book with no recorded pedigree 67, 68 (Appendix S6). These individuals accounted for 1.4% of the total ancestors included in our genealogy file, and mostly appear more than 6 generations back in the pedigree. We estimated inbreeding levels for all individuals in the data set using Wright's inbreeding coefficient (F) 69 . We used this traditional measure of quantifying inbreeding to allow our results to be compared with those from previous studies. We also used the pedigree data to estimate several ancestral inbreeding coefficients that account for genetic load (SI Materials and Methods, Appendix S1, S2) 18, 34, 70 . We selected the ancestral history coefficient (A HC ) for further analysis because this measure counts the number of times that an allele has been IBD in an individual's pedigree, thus providing a comprehensive reflection of selection for favourable traits over time 34 .
We calculated F and A HC for all individuals in the pedigree using 10 6 replications of simulated gene drops in GRain 1.0 34 (Appendix S1). This method uses Mendelian segregation rules to simulate gene flow through a population by flagging each allele as it runs through the pedigree. These data are then used to estimate the probability-based inbreeding coefficients 71 . The accuracy of the results depends on the number of replications performed, which is proportional to the number of unlinked loci calculated in the analysis 34 . We checked the accuracy of our output by comparing F estimations using GRain with a deterministic approach as implemented by PEDIG 66 . Estimates from the two methods had a correlation coefficient of 0.99, indicating high accuracy of the inbreeding estimations by GRain.
We identified the 20 ancestors that provided the greatest marginal contributions to the population of 135,572 individuals by using iterations in the prog_orig.f program in PEDIG 43, 66 . We then used GRain to calculate pF and pA HC of each ancestor for each individual in our data set. Ten ancestors were chosen for further analysis, and their identities were determined using the Australian Stud Book and the online pedigree database (pedigreequery. com).
Estimating inbreeding from genomic data. We selected a representative subset of individuals for high-density genotyping (n = 128). These individuals were selected to provide a reflection of different bloodlines in the population and a continuum of racing successes. We used these data to estimate the proportion of the genome consisting of runs of homozygosity (F ROH ).
To estimate genome-based levels of inbreeding, we first extracted DNA from hair samples (collected under approval from University of Sydney Ethics Committee N00-2009-3-5109) using the Qiagen Gentra ® Puregene ® Tissue Kit (Qiagen, Redwood City, CA, USA). We genotyped 105 individuals using the Equine SNP70 BeadChip (Illumina, San Diego, CA, USA), which consists of 65,102 SNPs evenly distributed throughout the equine genome. Additionally, we typed 23 individuals on the Axiom Affymetrix SNP Chip (670,671 SNPs), when this higher density array became available at a later date. We used custom Perl scripts to extract only the SNPs that were common to these two panels, which we then used in further analyses. SNP data were edited and analysed using PLINK 1.07 72 . The data were trimmed to be in concordance using the following parameters: minor allele frequency > 0.01; individual call rate > 0.9; and SNP call rate > 0.9 6, 73 . This process yielded a final data set comprising 45,451 SNPs for each of 122 individuals. Additionally, we only analysed autosomal SNPs in order to exclude any bias between male and female.
We used these data to estimate the proportion of the genome consisting of runs of homozygosity (F ROH ). To define the parameters of an ROH, we set the minimum density to 0.05 Mb/SNP and the largest gap to 1 Mb, in accordance with the settings used by Goddard, et al. 74 and Silió, et al. 63 . We set the minimal number of SNPs in each ROH to 20, because our SNP coverage was approximately 1 SNP every 50 Mb, making this sufficient to distinguish an ROH of 1 Mb. ROH lengths were calculated as a proportion of total ROH length in relation to the total equine autosome size of 2,242,879,462 bp.
Measuring racing performance. We selected five different measures of racing performance that account for talent, consistency, and constitutional soundness 28, 29, 75 . These measures were: cumulative earnings ($AU), earnings per start ($AU), career length (months), total number of race starts, and winning strike rate. Cumulative earnings and earnings per start favour talented individuals, because more prestigious races carry larger prizemoney purses. Career length and total starts favour individuals with good constitutions; individuals with health and conformational defects are unable to race for extended periods. Winning strike rate accounts for consistency in horses, because more talented horses are expected to win a higher proportion of their race starts (Appendix S3).
Statistical analysis.
The relationship between each measure of inbreeding and racing performance was analysed using (generalized) linear mixed models in ASReml-R 3.0 76 . We used the five measures of racing performance as outcome variables. Cumulative earnings, earnings per start and career length were analysed with linear mixed models. These variables were log-transformed; to accommodate zero-value in these measure, $100 was added to all career earnings and earnings per starts, and 1 month to all career length values. Total starts was analysed using a Poisson generalized linear mixed model and winning strike rate using a binomial generalized linear mixed model.
Each model included a predictor variable of either F, A HC , or F partitioned into partial coefficients for each of the 10 important ancestors, making a total of 15 models. Sex and year of birth were also included as predictor variables in each model. We also included a random animal effect that was associated with the numerator relationship matrix derived from the pedigree (n = 257, 249). The significance of fixed effects was assessed using Wald tests. To allow comparisons of regression coefficients across different traits, the regression coefficients were divided by the standard deviation of their respective traits. EBVs were obtained from the fitted models. We summarised the EBV distributions over time in 10-year bins, which approximately represents one generation interval. We calculated the average generational interval to be 10.5 years using the intgen.f program from PEDIG 66 .
